Rhythmic cardiac contractions depend on the organized propagation of depolarizing and repolarizing wavefronts. Repolarization is spatially heterogeneous and depends largely on gradients of potassium currents. Gradient disruption in heart disease may underlie susceptibility to fatal arrhythmias, but it is not known how this gradient is established. We show that, in mice lacking the homeodomain transcription factor Irx5, the cardiac repolarization gradient is abolished due to increased K v 4.2 potassium-channel expression in endocardial myocardium, resulting in a selective increase of the major cardiac repolarization current, I to,f , and increased susceptibility to arrhythmias. Myocardial Irx5 is expressed in a gradient opposite that of K v 4.2, and Irx5 represses K v 4.2 expression by recruiting mBop, a cardiac transcriptional repressor. Thus, an Irx5 repressor gradient negatively regulates potassium-channel-gene expression in the heart, forming an inverse I to,f gradient that ensures coordinated cardiac repolarization while also preventing arrhythmias.
). Following depolarization and ventricular contraction, repolarization initiates cardiac relaxation. In all mammals, ventricular repolarization proceeds in a synchronized wave advancing from the base of the heart to its apex and from epicardial to endocardial myocardium, which is believed to ensure efficient pump function and maintain an arrhythmia-free heart. However, neither how the repolarization gradient is established nor its precise role in modulating the incidence of arrhythmias is known.
For the orderly sequence of repolarization to occur, endocardial myocytes must have longer action-potential durations (APDs) than epicardial cardiac myocytes. This is primarily achieved through differences in the rates of repolarization, and, in several mammalian species, this is linked to regional differences in density of the fast component of the transient outward current, In the present study, we show that, in Irx5-deficient mice, the cardiac repolarization gradient is flattened due to increased K v 4.2 potassium-channel expression in endocardial myocardium, resulting in a selective increase of I to,f and susceptibility to arrhythmias. Myocardial Irx5 is expressed in an endocardial-to-epicardial gradient in mouse and dog, and Irx5 can repress expression of the gene encoding K v 4.2 (Kcnd2) via recruitment of the cardiac transcriptional repressor mBop. Thus, a repressor gradient of Irx5 negatively regulates potassium-channel-gene expression in the heart, forming an inverse I to,f gradient that ensures coordinated cardiac repolarization. This suggests a novel mechanism for the patterning of gene expression in the developing heart and shows a requirement for the cardiac repolarization gradient to reduce the risk of arrhythmia. Figures 4B-4D) . The I to gradient was also apparent in myocytes isolated from the epicardial and endocardial layers of the LV free wall, and this gradient was also lost in Irx5 −/− mice ( Figure 4F ). Therefore, loss of Irx5 leads to pronounced and specific increases of I to in the endocardial myocardium, effectively conferring epicardial myocardium properties to the endocardial myocardium.
Results

Electrophysiological Defects in
Despite differences in I to density and G to,max , the activation-gating properties of I to were identical among groups, as assessed from estimates of the voltages required for I to to reach 50% of the maximal conductance (V 1/2 , data not shown). While this suggests that I to currents are identical between the different groups, previous studies have established that I to can originate from two distinct currents, I to,fast (I to,f ) and I to,slow (I to,s ) (Oudit et al., 2001 ). I to,f channels are expressed in most myocytes of the LV and recover quickly from inactivation, while I to,s is found primarily in the ventricular septum and recovers 100-fold more slowly than mice, comparable to epicardial levels ( Figures 5A and  5B ). There were no significant regional differences in the mean relative densities of K v 4.3 or K v 1.5 in wildtype or Irx5 −/− hearts ( Figures 4A and 4B) . There was also a marked increase (p < 0.05) in the levels of Kcnd2 mRNA (encoding K v 4.2) in Irx5 −/− endocardial myocardium, as well as a slight increase in Kcna5 mRNA (Figure 4C) . These results confirm that K v 4.2 determines the transmural gradient of I to,f expression in the mouse heart and demonstrate that transcriptional upregulation of Kcnd2 in Irx5 −/− mice results in increased expression of K v 4.2-encoding ion channels and larger density of I to,f in the endocardial myocardium, thereby eliminating heterogeneity of repolarization.
Inverse Gradients of Irx5 and K v 4.2 across the Ventricular Wall
Transverse sections of E14.5 and E16.5 embryos were incubated with a polyclonal antibody specific to the carboxyl terminus of the Irx5 peptide sequence. Irx5 immunoreactivity was clearly evident in the lungs and heart, showing predominant distribution throughout the interventricular septum and endocardial myocardium of the LV (Figures 6A, 6B, 6D, and 6E) . Irx5 −/− embryos showed only background staining and autofluorescence from red blood cells (Figures 6C and 6F) . In adult ventricular sections, robust expression of Irx5 was predominantly observed in the septum and endocardial myocardium of the LV in wild-type hearts ( Figures 6G,  6I, and 6M) . Thus, these results demonstrate a gradient of Irx5 in the mouse heart, with predominant expression in septum and endocardial myocardium and lower expression in epicardial myocardium. We could not detect an apex-to-base gradient, suggesting that either Irx5 only regulates transmural gradients or the gradient is too shallow to detect. Western blots of fractionated proteins from adult mouse hearts confirmed the predominant expression of Irx5 in endocardial regions and Figure  6J ), suggesting that Irx5 functions directly within cardiac myocytes. As the components of I to , especially those that form the gradient, are not completely conserved between mouse and larger mammals, we wished to determine whether the gradient of Irx5 was conserved. Irx5 mRNA levels in dog myocardium revealed a clear endocardial-to-epicardial gradient of Irx5 transcript ( Figure 6L) mice, in conjunction with a selective and coordinated upregulation of K v 4.2 mRNA and protein levels in endocardial myocardium. This provides conclusive evidence that K v 4.2 is a major component of mouse I to,f and that K v 4.2 gradients are responsible for the I to,f gradient in the mouse heart. Since we did not detect regional differences in the levels of other K + currents, our findings support the notion that the primary determinant of regional heterogeneity of repolarization and peak outward K + currents in mouse ventricular myocytes is the differential expression of I to,f .
lower expression in epicardial myocardium (Figures 6J and 6K). Irx5 was detected in fractionated nuclear proteins from isolated ventricular cardiomyocytes (
As in mouse, a Kcnd2 mRNA gradient exists in rat ventricles that parallels the transmural gradient of I to,f (Wickenden et al., 1999a) . However, it should be noted that the formation of the transmural gradient of I to,f is not entirely conserved between mammals. For example, in contrast to mouse and rat, Kcnd2 is not expressed in canine or human myocardium (Nerbonne and Guo, 2002; Oudit et al., 2001) . Instead, in larger mammals, a transcriptional gradient of Kcnip2 (encoding KChIP2) across the ventricular wall is thought to be the primary determinant that underlies the transmural gradient of I to,f expression (Rosati et al., 2003) , although whether the Kcnip2 mRNA gradient is paralleled by a KChIP2 protein gradient has been questioned (Deschenes et al., 2002) . Common among mammals, however, is that I to,f gradients form the basis for the transmural differences in repolarization across the ventricular myocardium. As in mouse, Irx5 is expressed in a gradient in dog heart, suggesting that it may be a regulator of repolarization gradients in larger mammals, including humans, perhaps via other genes such as Kcnip2. 
Conclusions
We have shown that Irx5 establishes the cardiac repolarization gradient by its repressive actions on the K v 4.2 potassium-channel gene. The susceptibility to arrhythmias in Irx5 −/− mice provides compelling evidence that the repolarization gradient per se is an important safeguard against reentrant arrhythmias. The gradient of Irx5 in the mouse heart is analogous to the Brinker (Brk) gradient in Drosophila, whereby graded levels of the transcriptional repressor Brk establish patterned gene expression that serves to transduce the gradient of the morphogen Decapentaplegic (Muller et al., 2003) . We propose that the Irx5 repressor gradient acts via corepressor recruitment, demonstrating a novel mechanism for the formation of cardiac transcriptional gradients.
Experimental Procedures Animals
Irx5
+/− mice, maintained on a mixed CD-1 strain background, were generated as described elsewhere (Cheng et al., 2005) and were intercrossed to generate Irx5 −/− and Irx5 +/+ mice. All animals were cared for according to institutional animal-care requirements. ., 2004) . A modified double-pulse protocol was used to determine the recovery rate of I to from steady-state inactivation (Wickenden et al.,  1999a) . The action potentials and current recordings were analyzed using pClamp software (Clampfit 9.0, Axon). The decay phase of outward K + currents was rigorously fit with a triexponential function to yield estimates of four kinetically distinct K + currents (I to , I K,slow1 , I K,slow2 , I sus ) using the AMC maximum-likelihood procedure. (Sun et  al., 2004) . Monoexponential or biexponential fits were used to fit recovery-from-inactivation data (Wickenden et al., 1999a) . 
Physiological Measurements
Analysis of mRNA and Protein Levels
Statistical Analysis
Statistical comparisons were performed by Student's t test or oneway ANOVA. p < 0.05 was considered significant.
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